Understanding how nucleoprotein complexes interact with specific DNA sequences has come closer with structural and mechanistic studies of the interaction between the recombination enzyme resolvase and DNA.
DNA transactions, such as replication, transcription and recombination, are usually mediated by large nucleoprotein assemblies, involving several proteins at separate sites on the DNA in multiple protein-DNA and protein-protein interactions [1] . Recent years have seen major advances in our understanding of how proteins that act at specific sites recognize DNA; insights have come from crystal or nuclear magnetic resonance (NMR) structures of these proteins bound to short DNA duplexes (see Current Opinion in Structural Biology each January). Clearly, the next milestone in this field will be the structural analysis of higher-order complexes -but large assemblies containing numerous proteins and lengthy DNA segments are often beyond the limits of current technologies. At present, only individual components can be analyzed at the molecular level, but this yields, at the minimum, the essential foundation on which to build the analysis of the intact complex. It is, after all, difficult to complete a jigsaw puzzle without knowing the shapes of the individual pieces. The structures and activities of the separate components can also suggest how the assembly might operate. These points have recently been illustrated by structural and mechanistic studies of the interactions of the recombination enzyme resolvase with individual DNA-binding sites [2, 3] .
Site-specific recombination by resolvase has long been a key system in the study of multi-component nucleoprotein complexes [4] . The transposition of transposons such as Tn3, and of related elements such as y8 (Tn1000) and Tn21, involves a reciprocal recombination between two copies of the transposon. This recombination takes place at a specific sequence, called res, which lies within the transposon, and it is catalyzed by a protein, resolvase, which is encoded by the transposon. The complete reaction ( Fig. 1) can be duplicated in vitro simply by mixing purified resolvase -in the absence of other proteins or cofactors -with a supercoiled molecule of DNA carrying two res sites in a direct (head-to-tail) repeat [5] .
The res site spans about 120 base-pairs (bp) of DNA and includes three resolvase-binding sites -I, II and IIIarranged in a specified manner [4] . Each binding site contains two symmetrically related copies of a 12 bp recognition sequence, but this sequence is only partially conserved within and between sites, and the overall length of DNA in each site also varies (Fig. 1) . Once each res site is loaded with three dimers of the resolvase protein, a synaptic complex is formed, in which the two segments of DNA are wrapped around the protein and around each other. The structure of the DNA in the synaptic complex is known from topological studies [6] -it contains three supercoils -but the organization of the protein has yet to be established (Fig. 1 ). Both copies of site I are then cleaved in each strand, leaving the 5' phosphates on the DNA covalently attached to the serine The binding of resolvase to all three loci at both res sites gives rise to the synaptic complex, in which the two segments of DNA carrying res are wrapped around each other to trap three negative supercoils: the arrangement of the protein molecules in the synaptic complex has yet to be determined, as indicated by the shaded box. (c) At both copies of site I, resolvase cleaves the DNA and ligates the termini to their opposite partners from the other sites, to generate the DNA catenane shown, in which two circles of DNA, each carrying one res site, are interlinked just once.
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residue at position 10 in each subunit of resolvase bound to site I [4] . These termini are finally re-ligated to their partners from the other res site. As a result of the precise wrapping of the DNA in the synaptic complex [5, 6] , the product is a catenane of two DNA circles, interlinked once, in a unique topology.
The reaction catalyzed by resolvase is thus among the most complicated of processes accomplished by a single protein. First, it has to recognize three distinct sequences at its res site, but -because sites I, II and III are all needed for recombination, while only site I is cleavedit must act differently at each site. Secondly, as no reaction is observed when two res sites are present on the same piece of DNA but in an inverted orientation, nor between res sites on separate DNA molecules, resolvase must recognize the connectivity of DNA segments across many kilobases [5] . The exclusion of reactions on res sites that are inappropriately connected is due to the fact that only res sites in direct repeat on a supercoiled piece of DNA can be wrapped around each other as shown in Figure 1 without incurring a severe energy penalty as a result of tangling the rest of the DNA [7] . The third task of resolvase, following breakage of both DNA strands at both res sites, is the transfer of the ends to their opposite partners, which may require a highly unusual re-orientation of protein subunits within the quarternary resolvase structure [8] . Yet all of these tasks are performed by a protein with just 180 amino acids per subunit.
The resolvase protein can be split by chymotrypsin digestion into an amino-terminal domain of 140 amino acids, which carries the catalysis and subunit assembly functions, and a carboxy-terminal domain of 40 amino acids, which recognizes the 12 bp sequences in each binding site of the DNA [9] . The first high-resolution structural data on this system came from X-ray crystallography of the amino-terminal domain of y8 resolvase, and of the intact protein in the absence of DNA [10, 11] . Surprisingly, both yielded very similar diffraction data and both structural determinations revealed just the first 120 amino acids of resolvase. In the amino-terminal domain structure, the last 20 amino acids could not be seen, whereas neither these 20 amino acids nor any of the carboxy-terminal domain could be detected in the structure of the intact protein. The amino-terminal domain has a compact ot-3 structure terminating in a long a helix (the E helix; see below and Fig. 2 ) which is connected to the carboxyterminal domain by a flexible linker [10] . Despite the lack of DNA in these crystals and the lack of a DNA-binding domain in the resultant models, these structures have been highly informative with respect to both the active site of resolvase -explaining the many mutants of ya resolvase that are active in DNA binding but inactive in recombination [4] and shedding light on the possible protein-protein interactions in the synaptic complex [12] .
Without DNA, y resolvase crystallized with three subunits per asymmetric unit, and this created three different subunit interfaces: 1-2 and 2-3 interfaces between consecutive subunits in the same cell, and 2-3' interfaces between subunits in adjacent cells [10] . It has since been shown that the form of resolvase bound to a single DNA site is the dimer with the 1-2 interface [2, 12] , even though the distance between the two SerlO residues in this dimer is much longer than the distance between the two phosphodiester bonds cleaved at site I. The prime feature of the 1-2 interface is the juxtaposition of the E helices from adjacent monomers, but the E helix is connected to the main body of the amino-terminal domain by a mobile hinge, and this allows for some variability in the distance between the two active sites [2, 11] . The 2-3' interface, on the other hand, creates a tetrameric structure that may be the basic building block in the synaptic complex. This hypothesis is supported by the failure of synapsis in mutants of -y resolvase with altered 2-3' interfaces [12] , but it is difficult to reconcile with other observations showing that the resolvases from Tn3 and Tn21 can form synaptic complexes together, despite their dissimilar amino-acid sequences [13] .
In a significant new development, the analysis of resolvase has been advanced by the completion of a crystal structure of the yb protein bound to DNA [2] . This revealed a novel structure, unlike that of any DNA-protein complex seen before (Fig. 2) . The 34 bp DNA sequence in the co-crystals was an artificially symmetrical version of site I from the yo res site -the natural sequence deviates from true symmetry. Even so, the resultant complex is markedly asymmetric, with numerous differences in conformation between one half and the other. Earlier solution studies had shown that the DNA at the centre of site I is bent sharply into the major groove [4] , and the new crystal structure shows that the DNA is indeed bent into the major groove across its central TATA sequence. The bend is due to two sharp kinks in the helical axis at the TpA step, the positions at which resolvase cleaves the DNA. Interestingly, two other DNA-binding proteins that have alternating A/T base-pairs at the centre of their recognition sequences, the EcoRV endonuclease [14, 15] and the TATA-binding protein [16, 17] , each distort the DNA structure in a similar fashion -by kinking into the major groove at TpA steps -even though their mechanisms for recognizing specific DNA sequences differ completely from that of y resolvase.
The form of resolvase bound to site I in the co-crystals is, as expected [12] , the 1-2 dimer, and its amino-terminal domain is similar to that in the free protein [2] . In the presence of DNA, both the carboxy-terminal domain and the linker connecting the domains are clearly defined (Fig. 2) . The E helix of each monomer is extended from five turns in the free structure to nine in the complex, and these lengthened helices grip the DNA in its minor groove in a scissor-like manner, reminiscent of, but distinct from, the leucine zipper-DNA complex [18] . The other contacts with the DNA are similar to those in the co-crystal structure of the carboxy-terminal domain of a homologous recombinase, Hin [19] . In the complete yb protein, the carboxy-terminal domain has the same three-helix bundle as Hin, with the second and third forming a helix-turn-helix motif. These sit in nonsuccessive major grooves on the opposite side of the DNA from the catalytic domain and make several direct interactions with the bases at the outer edges of the 12 bp recognition sequences. The bases near the inner edges are recognized from the minor groove, not only by residues at the end of the E helix but also by the linker region connecting this to the carboxy-terminal domain. But the E helix is kinked in the subunit shown in green in Figure  2 , while it is straight in the subunit shown in gold. Consequently, the relative positions of the catalytic and DNA-binding domains differ markedly between the two subunits. This results in SerlO in the 'gold' subunit being closer to its scissile phosphate than SerlO in the 'green' subunit, although both are still too far away to achieve the chemical reaction of DNA cleavage. Resolvase might make its double-strand breaks in two stages, first cutting one strand before re-organizing itself to cut the second. Alternatively, the organization of the DNA-protein complex at site I may be affected by additional interactions within the resolvase-DNA complex at synapsis.
The structure of resolvase bound to site I cannot by itself reveal how the protein catalyzes the recombination reaction. Indeed, a DNA molecule with two copies of site I, but lacking sites II and III, is not recombined by resolvase. However, crystals of y/ resolvase bound to the complete 120 bp res site have recently been prepared and analysis of these should reveal the organization of a complete complex (W. Yang and T.A. Steitz, personal communication). The structure of resolvase bound to sites II and III must differ from that in the complex at site I, as the lengths of DNA in each site differ (Fig. 1) . The flexibility of the connection between the amino-and carboxy-terminal domains of resolvase might accommodate these differences, as might also the flexibility near the dimer interface. However, recent studies on the binding of Tn3 resolvase to site II (reported in last month's issue of Current Biology [3] ) suggest that the assembly and organization of the complex at this supplementary site differ from that at site I.
Tn3 resolvase is functionally identical to the yo protein used in the crystallography, but it appears to have a weaker tendency to associate from monomers into dimers. In forming its complexes on DNA, one monomer of the Tn3 protein binds initially to one half of its binding site, followed by a second monomer binding to the other half, in order to assemble dimers on the DNA. Previous studies of DNA-binding by integration host factor from Esclierichllia coli had suggested that, at DNA sites containing two partially symmetrical sequences separated by a lengthy spacer, a dimeric protein might recognize the two halves of the sequence in two independent events [20] . Tn3 resolvase is perhaps an extreme example of this principle. Despite the sequence similarity in the two halves of site II, Tn3 resolvase interacts with the DNA in a markedly asymmetrical manner, binding first to one particular half before the other and creating different structures in each half. The binding of the first monomer is sufficient to bend the DNA. Furthermore, a res site in which site II had been replaced by the same sequence in inverted orientation failed to act as a substrate for recombination [3] . Very many binding sites for genetic regulatory proteins contain partially symmetrical sequences, and it is generally assumed that the deviations from perfect symmetry are not significant, as the proteins might still form symmetrical complexes. The new data on the y8 and Tn3 resolvases show that this is not necessarily the case.
We noted at the start of this article the difficulty of completing a jigsaw puzzle without knowing the shapes of the individual pieces. For resolvase, the shapes of at least some of the pieces have now been established. But it is even more difficult to complete a jigsaw puzzle when the pieces change shape midway through the process. Thus, a complete analysis of the nucleoprotein complex that assembles to catalyze recombination by resolvase, and similar analysis of other nucleoprotein complexes, may well require a fundamental leap in technology, to allow us to visualize both the structures and the dynamic behaviour of these highly organized systems.
